We developed an ion-exclusion/adsorption chromatography (IEAC) method employing a polystyrene-divinylbenzene-based weakly acidic cation-exchange resin (PS-WCX) column with propionic acid as the eluent for the simultaneous determination of multivalent aliphatic carboxylic acids and ethanol in food samples. The PS-WCX column well resolved mono-, di-, and trivalent carboxylic acids in the acidic eluent. Propionic acid as the eluent gave a higher signal-to-noise ratio, and enabled sensitive conductimetric detection of analyte acids. We found the optimal separation condition to be the combination of a PS-WCX column and 20-mM propionic acid. Practical applicability of the developed method was confirmed by using a short precolumn with a strongly acidic cation-exchange resin in the H + -form connected before the separation column; this was to remove cations from food samples by converting them to hydrogen ions. Consequently, common carboxylic acids and ethanol in beer, wine, and soy sauce were successfully separated by the developed method.
Introduction
Ion-exclusion/adsorption chromatography (IEAC) is particularly useful for the separation and determination of small weak acids, such as carbonate, 1,2 silicate, [3] [4] [5] and aliphatic and aromatic carboxylic acids; [6] [7] [8] [9] [10] it is also applicable for the separation and determination of weak bases 11 or hydrophilic molecular species, such lower alcohols. [12] [13] [14] In ion chromatography (IC) with an anion-exchange resin column, the weak acids are detected before strong acids, such as sulfate and perchlorate ions, because the strong acids strongly interact with the anion-exchanger, compared to weak acids. Thus, in the IC of weak acids by elution of the isocratic mode, the whole analytical time is prolonged to elute strong acids strongly adsorbed to anion-exchange resin. On the other hand, in IEAC, weak acids are separated by degrees of their penetration in and hydrophobic adsorption to the cation-exchange resin phase packed in a separation column, which depends on the type and/or concentration of acid added as the eluent. It is possible to selectively separate and detect weak acids after strong acids are firstly excluded.
After a study by Tanaka and Fritz, 6 a polystyrenedivinylbenzene-based strongly acidic cation-exchange resin (PS-SCX) in the H + -form is commonly used as a separation column in IEAC. An aqueous solution of a strong acid, e.g., sulfuric acid, is often used as the eluent in IEAC on PS-SCX to repress the ionization of weak acids, and to ensure that they are entirely in their molecular form. However, the use of a strong acid as an eluent increases the background conductimetric level and degrades the detector response of weak acids as analytes.
Recent studies have attempted to overcome these problems by using weak acids, such as succinic or benzoic acid as the eluent, owing to their lower limiting equivalent conductances. 8, 15, 16 For example, a hydrophilic polymethacrylate-based weakly acidic cation-exchange resin (PM-WCX) in the H + -form has been successfully applied as an IEAC column. This column combined with a weak acidic eluent can give a good resolution of carboxylic acids at a lower acidic concentration in the eluent than on PS-SCX. This is because the neutralization of carboxylic groups in PM-WCX reduces the electrostatic repulsion to analyte acids under the acidic eluent condition at pH below 4, which in turn results in penetration of not only partially ionized species, but also fully ionized species in PM-WCX. The above-mentioned combination gives good analytical results, particularly for the separation of monovalent carboxylic acids, such as acetic, propionic, and butyric acids. 8, 17, 18 Accordingly, this could widen the applicability of the combination to the analysis of carboxylic acids in real samples, such as environmental water 19 and food samples, such as wine, 20 and livestock excrements, 8, 18 as well as in the evaluation of water purification of photocatalytic materials. 21 However, the resolutions of di-or trivalent carboxylic acids, which are related to the process of food fermentation or a series of enzyme-catalyzed chemical reactions in all living cells, have been found to be poorer than those of monovalent carboxylic acids. Therefore, stronger hydrophobic adsorption to the resin phase might be necessary for performing ion-exclusion/adsorption separation of multivalent carboxylic acids.
With the aim of improving the resolution of multivalent carboxylic acids, we employed a hydrophobic polystyrenedivinylbenzene-based WCX (PS-WCX) in the H + -form as an IEAC column in this study. This column is expected to increase the retention of carboxylic acids to the resin phase owing to the high hydrophobic adsorptivity of polystyrene-divinylbenzene. We used a strongly acidic cation-exchange column just before the separation to remove counter-cations in actual food samples. This paper reports: 1) the retention behaviors of aliphatic carboxylic acids by PS-WCX, 2) optimization of the elution conditions in IEAC on PS-WCX, and 3) the simultaneous determination of carboxylic acids and ethanol in seasonings, such as soy sauce and alcoholic beverages, such as red wine and beer.
Experimental

Apparatus
The Tosoh IC-2001 ion chromatograph (consisting of a dual pump, an on-line degasser, a column oven, sample injector, and conductimetric detector) was employed in the study. The analytical conditions were as follows: flow rate, 0.5 or 0.6 mL/min; column temperature, 40 C; injection volume, 30 μL.
Columns
The separation columns used in this study were a Tosoh (Shunan-city, Japan) TSKgel SCX, a polystyrene-divinylbenzenebased strongly acidic cation-exchange resin column (PS-SCX) (150 mm × 6 mm i.d., 5-μm particles and 1.0-eq./L capacity); a TSKgel Super IC-A/C-0.1, a polymethacrylate-based weakly acidic cation-exchange resin column (PM-WCX) (150 mm × 6 mm i.d., 3-μm particles and 0.1-meq./L capacity); and a TSKgel Super IC-CR, a polystyrene-divinylbenzene-based weakly acidic cation-exchange resin column (PS-WCX) (150 mm × 6 mm i.d., 3-μm particles and 0.1-meq./L capacity). These columns were thoroughly equilibrated with the eluent for 30 min before chromatographic runs.
In application to real samples, TSKgel OApak-P, a short column packed with a polystyrene-divinylbenzene-based strongly acidic cation-exchange resin in the H 
Eluent
All reagents, purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), were of analytical reagent grade. Stock solutions of solutes were prepared by dissolving them in distilled and deionized water (hereafter referred to as just "water") to obtain concentrations of 0.1 M. Appropriate amounts of samples, each of concentration 0.1 M, were diluted in water as necessary. Sulfuric, phosphoric, ascorbic, and propionic acids were used as eluents in this study. These acids were compared in terms of their detection time of elution dip, conductimetric background level, and influence in the resolution of analytes.
Standard sample
The standard sample comprised a mixture of aliphatic carboxylic acids in an aqueous solution, and contained 0.5 mM each of oxalic, citric, tartaric, malic, pyroglutamic, lactic, formic, acetic, and succinic acids. Otherwise, sodium hydrogen carbonate, propionic acid, n-butyric acid, n-valeric acid, methanol, and ethanol were singly injected into three separation columns to compare the retention volumes of analytes in these columns.
Food samples
Five kinds of red wines and three kinds of beers (alcoholic beverages) and two kinds of soy sauces (Japanese seasoning) were used as food samples. After these samples were filtrated through a 0.45-μm membrane filter, the alcoholic beverage samples were diluted 10-fold with water, and the soy-sauce samples were diluted 200-fold with water.
Results and Discussion
Retention volumes of analyte acids by different separation columns
The separation of acids by IEAC depends on the degree of their penetration in negatively charged functional groups on the resin and the degree of hydrophobic adsorption to the resin phase. Analyte acids with a higher acid dissociation constant (pKa1) and/or lower solubility in water are strongly retained in the resin phase.
In this study, three different polymer-based CX columns were compared in terms of the retention volumes of mono-, di-, and trivalent carboxylic acids and organic solvents in IEAC with elution by 0.5 mM sulfuric acid. The degrees of ion-exclusion and hydrophobic adsorption effects of these columns could be determined from the relationship between the retention volumes (VR) of the analytes and pKa1.
As summarized in Table 1 , the VR's of carboxylic acids with pKa1 < 4.0 (i.e., oxalic, tartaric, citric, malic, formic, and lactic acids) in PS-WCX were larger than those in PS-SCX and smaller than those in PM-WCX. The VR's of carboxylic acids with pKa1 > 4.0, including organic solvents, in PS-WCX was much larger than those in PS-SCX and PM-WCX.
For an eluent with pH 3.3, VR's in the PS-SCX column differed only slightly between oxalic, tartaric, citric, and malic acids. Their resolutions improved slightly for the 2.5 mM sulfuric acid eluent (pH 2.6), but the conductimetric sensitivities were remarkably low at this concentration. On the PS-SCX column, the electrostatic repulsion between the ionized acids was strong owing to the presence of fully ionized functional groups (-SO3 -) packed into the column. Thus, the PS-SCX column may be difficult for sensitive conductimetric detection of analyte acids.
In the PM-WCX column, formic and lactic acids could not be separated despite adding different types and concentrations of these acids as the eluent. This was probably because of the similar degrees of penetrations and/or hydrophobic adsorptions of these acids to the resin phase. In contrast, the two hydrophobic polystyrene-divinylbenzene-based columns, i.e., PS-SCX and PS-WCX, yielded different retention volumes of formic and lactic acids.
The PS-WCX column yielded different retention volumes for all analytes, but it might be unsuitable for the separation of hydrophobic organic acids, such as butyric and valeric acids, because their retention times are expected to be much longer.
Influence of eluent
Subsequently, the optimum conditions of the retention time of the elution dip, analyte acid sensitivities, and analyte resolutions for various acids added as the eluent in IEAC using a PS-WCX column were determined. Figure 1 shows chromatograms of multivalent carboxylic acids on PS-WCX with various eluents: 0.5 mM sulfuric acid (pH 3.3), 0.6 mM phosphoric acid (pH 3.3), 3 mM ascorbic acid (pH 3.4), and 10 mM propionic acid (pH 3.3).
As shown in Fig. 1 , the retention times of the elution dips were dependent on the degree of penetration and hydrophobic adsorptions to the resin phase in the separation column. The resolutions of analyte acids were similar for all types of acidic eluents used, but the baseline noise levels were different. This strongly affected the signal-to-noise ratio (S/N) of the acids. For example, S/N of acetic acid as an analyte was 10.8 (S = 1.92 μS; N = 0.18 μS) in 0.5 mM sulfuric acid, 15.7 (S = 1.85 μS; N = 0.12 μS) in 0.8 mM phosphoric acid, 18.8 (S = 2.02 μS; N = 0.11 μS) in 5 mM ascorbic acid, and 26.8 (S = 2.00 μS; N = 0.07 μS) in 10 mM propionic acid. Propionic acid as the eluent yielded the highest S/N of all types of acidic eluent. Additionally, the elution dip from propionic acid could avoid interference of the detected analytes. From these results, the acid added to the eluent in IEAC was consequently concluded to be propionic acid.
Influence of propionic acid concentration
The performance of propionic acid as an eluent was superior to those of other acids in terms of providing a good conductimetric detection for analyte acids, but the resolution of hydrophilic carboxylic acids, such as tartaric, citric, and malic acids when using propionic acid, was still insufficient. These problems could be solved by increasing the concentration of propionic acid. The VR's of oxalic, tartaric, citric, malic, and formic acids increased with increasing concentration of propionic acid (Fig. 2) , owing to the increased degree of their penetration in the resin phase. However, the VR's of succinic and acetic acids and elution dip decreased with increasing the propionic acid concentration. Their retention mechanisms were found to be hydrophobic adsorption to the resin phase. The VR of lactic acid was almost constant irrespective of the propionic acid concentration. The interaction between lactic acid and PS-WCX was probably caused by its same degrees of penetration and hydrophobic adsorption. The addition of 20 mM propionic acid to the column gave the best resolution for the separation of the considered acids. Therefore, the optimal concentration of propionic acid was concluded to be 20 mM. Figure 3 shows a typical chromatogram of aliphatic carboxylic acids, ethanol, and monovalent cations under the optimal eluent condition. We did not determine the concentrations of Na Further, a longer separation column (300 mm length × 6 mm i.d.) gave a better resolution, though the retention time increased to 75 min (bottom trace in Fig. 3) . Table 2 summarizes the number of theoretical plates of analyte acids, relative standard deviations (RSDs) of the peak areas in the fifth continuous measurement, and the limit of detection (LOD) at a S/N of 3 in IEAC using columns of two different lengths and 20 mM propionic acid as the eluent. The use of a longer separation column resulted in higher numbers of theoretical plates of analytes. As mentioned above, carboxylic acids in food samples could be successfully determined and separated using a 300 mm-long separation column with an i.d. of 6 mm.
Application to food analysis
In the proposed IEAC using a 300 mm-long separation column, the retention times of divalent cations, such as Mg 2+ , and Ca 2+ exceeded 120 min. Therefore, we connected a precolumn packed with a strongly acidic cation-exchange resin in the H + -form before the separation column to convert the coexisting cations into hydrogen ions. Additionally, the flow rate was adjusted to 0.5 mL/min in order to suppress a rapid increase in the backpressure generated by connecting the preand separation columns. The retention time for detecting an elution dip was 42.4 min at 0.5 mL/min. Table 2 Number of theoretical plates, relative standard deviations (RSDs, n = 5) of peak areas, and limit of detection (LOD, S/N = 3) in IEAC on columns of two different lengths a Analyte Number of theoretical plates RSD in peak area (n = 5), % LOD at S/N = 3 (μM) a. Concentrations of injected samples were 5.0 × 10 -3 mM for tartaric, citric, and formic acids and 5.0 × 10 -2 mM for malic, lactic, pyroglutamic, succinic, and acetic acids. The other conditions are the same as those in Fig. 3 . b. LOD of the ethanol is expressed in mM. Injected sample: mixture of oxalic acid, tartaric acid, potassium citrate, malic acid, ammonium formate, sodium pyroglutamate, acetic acid, succinic acid (0.5 mM each), and 0.1% ethanol. Peaks: 1, oxalic acid; 2, tartaric acid; 3, citric acid; 4, malic acid; 5, formic acid; 6, lactic acid; 7, pyroglutamic acid; 8, succinic acid; 9, acetic acid; 10, ethanol; 11, sodium ion; 12, ammonium ion; 13, potassium ion.
As an example, Fig. 4 shows chromatograms of organic acids and ethanol in two red wines (house and vintage) obtained by IEAC with the precolumn. The concentration of lactic acid in the vintage red wine was found to be higher than that in house wine. Generally, grape, which is the raw material of red wine, is rich in malic acid. The conversion of malic acid to lactic acid by the enzyme reaction during malolactic fermentation causes wine to mellow. 22 The proposed method was also applied to the determination of carboxylic acids and ethanol in several kinds of wines, beers, and soy sauces. The mixed standard of all studied acids was spiked into all food samples at two different concentration levels (1 and 10 mM) . The recovery results, summarized in Table 3 , show that recoveries of analytes calculated from a spiked concentration close to the concentration found in the samples ranging from 84 to 104%.
Tartaric, citric, and malic acids in beverages or soy sauces usually originate from the corresponding plant raw materials, whereas lactic, succinic, and acetic acids in these foods are mainly by-products of processes, such as the ethanol oxidation or alcoholic fermentation.
22,23
Conclusions
We developed an IEAC employing a hydrophobic polystyrenedivinylbenzene-based weakly acidic CX column with propionic acid as the eluent, and successfully applied it to the separation and determination of hydrophilic carboxylic acids and ethanol in food samples. This study also highlighted the importance of selecting an appropriate separation column and eluent conditions in IEAC according to the analyte properties. We expect the proposed system to be useful for improving the production and quality control processes of food items, e.g., beverages or seasoning.
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